ABSTRACT
molecules occupy the inter-chain regions and an N−H••••O bond and numerous O−H••••O
hydrogen bonds consolidate the polymer structure.
As a first step to investigate the protonation of the simplest hydroxyl N-containing aromatic hydrocarbons, we chose 3-hydroxypyridine because preparation of protonated and monohydrogenated species from this compound is free of complication caused by the existence of two or more tautomers of the parent heterocycle.
Seven sites are possible for the protonation of 3-hydroxypyridine, in contrast to only four possible sites for the protonation of pyridine. Wolken and Tureček generated gaseous 3-hydroxy-(1H)-pyridinyl radical with femtosecond collisional electron transfer to 3-hydroxy-(1H)-pyridinium cations; several decomposition channels of 3-hydroxy-(1H)-pyridinyl radical that increased with increasing internal energies of 3-hydroxy-(1H)-pyridinium cation were reported. 26 The assignments of the 3-hydroxy-(1H)-pyridinium cation and the 3-hydroxy-(1H)-pyridinyl radical were made according to theoretical calculations, which yielded a proton affinity of 938 kJ mol −1 for protonation at the N atom, at least 175 kJ mol −1 greater than protonation at other sites. 26, 27 To our knowledge, spectral identification of neither 3-hydroxy-(1H)-pyridinium cation nor 3-hydroxy-(1H)-pyridinyl radical has been reported.
The use of solid para-hydrogen (p-H 2 ) as a matrix host generates considerable interest in recent years because of the unique properties of this quantum solid. 28, 29, 30 We have demonstrated that the diminished matrix-cage effect makes feasible a production of free radicals in solid p-H 2 via photolysis in situ of precursors or via photo-induced bimolecular reactions. 31, 32, 33, 34 We extended this method to use electron bombardment during matrix deposition to produce protonated aromatic compounds and their neutral counterparts. 35, 36 We 5 demonstrated several advantages of this electron-bombardment method in the investigations of protonated benzene (C 6 H 7 + ) and the cyclohexadienyl radical (c-C 6 H 7 ), 37 protonated naphthalene (1-C 10 H 9 + and 2-C 10 H 9 + ) and their neutral counterparts, 38 and larger protonated and hydrogenated polycyclic aromatic hydrocarbons (PAH); 39, 40, 41, 42 the method is clean (with negligible fragmentation) and sensitive, and provides spectra covering a wide spectral region with much improved resolution and true IR intensity, as compared with other methods for the spectral investigations of protonated PAH. Golec et al. applied this method to produce and to record IR spectra of 1-pyridinuum cation (C 5 H 5 NH + ) and pyridinyl (C 5 H 5 NH and 4-C 5 H 6 N) radicals. 43 In this paper, we report the IR absorption spectra of the trans-conformers of 3-hydroxy-(1H)-pyridinium cation and 3-hydroxy-(1H)-pyridinyl radical, produced on electron bombardment of a mixture of 3-hydroxypyridine and p-H 2 during the deposition of a matrix sample.
II. EXPERIMENTS
The experimental setup has been described previously. 33, 37 The gaseous mixture of 3-C 5 H 4 (OH)N and p-H 2 was deposited onto a gold-plated copper substrate at 3.2 K that also reflects the incident IR beam to the detector. Infrared absorption spectra were recorded with a Fourier-transform infrared (FTIR) spectrometer (Bruker, Vertex 80v) having a KBr beamsplitter and a HgCdTe detector cooled to 77 K to cover the spectral range 450−5000 cm −1 . Two hundred scans at resolution 0.25 cm −1 were recorded at each stage of the experiment.
We employed electron bombardment during deposition of a gaseous sample of p-H 2 containing a small proportion of 3-C 5 H 4 (OH)N. A mixture of 3-C 5 H 4 (OH)N/p-H 2 (estimated mixing ratio ~10 ppm) was typically deposited at a rate of 13 mmol h −1 over a period of 4−8 h.
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An electron beam (kinetic energy 200 eV and current 30 μA) from an electron gun (Kimball Physics, Model EFG-7) was employed to bombard the matrix during deposition. To differentiate various products produced under electron bombardment of 3-C 5 H 4 (OH)N/p-H 2 , we kept the matrix in darkness for ~20 h or performed secondary photolysis using light at 370±10 or 450±10 or 520±15 nm from appropriate light-emitting diodes.
Pure p-H 2 was obtained on catalytic conversion of normal-H 2 (n-H 2 ); the converter has been described elsewhere. 37 The temperature for conversion of n-H 2 to p-H 2 was set at ~13 K, giving a proportion of ortho-H 2 less than 100 ppm according to the Boltzmann distribution. Para-H 2 was passed through the sample container, heated to ~308 K to have sufficient vapor pressure of sample, before the mixture was deposited onto the substrate.
III. QUANTUM-CHEMICAL CALCULATIONS
All calculations employed the Gaussian 09 suite of programs. 44 Geometry optimizations and calculations of vibrational wavenumbers were performed with B3LYP hybrid functionals 45, 46 with the aug-cc-pVTZ basis set and the B3PW91 method that uses Becke's three-parameter hybrid exchange functionals and a correlation functional of Perdew and Wang 45, 47 with the 6-311++G(2d,2p) basis set. Harmonic vibrational wavenumbers were calculated analytically at each stationary point. The anharmonic vibrational wavenumbers were calculated with a secondorder perturbation approach, VPT2. 48 In calculations of relative energies, zero-point vibrational energy (ZPVE) corrections were performed with unscaled harmonic vibrational wavenumbers.
A. 3-hydroxypyridine [3-C 5 H 4 (OH)N]
3-hydroxypyridine has cis and trans conformers that differ in the orientation of the hydroxyl 
B. Protonated 3-hydroxypyridines
Seven sites for the protonation of each of trans-and cis-3-hydroxypyridine are possible, one on N atom, one on O atom, and five on C atoms. Important structural parameters of cis-and 
trans-3-hydroxy-(1H)-pyridinium cation, cis-and trans-3-C

B. IR spectra of electron-bombarded 3-C 5 H 4 (OH)N/p-H 2 matrices
After the 3- Table I .
Nineteen upward-pointing features in Fig. 3 respectively; these spectra were simulated according to the scaled harmonic vibrational wavenumbers and IR intensities predicted with the B3LYP/aug-cc-pVTZ method, listed in Table   I and Table SIV 
B. Assignment of lines in group A to trans-3-C 5 H 4 (OH)NH
The intensities of lines in group A increased after the electron-bombarded matrix of 3-C 5 H 4 (OH)N/p-H 2 was maintained in darkness for 20 h and decreased upon irradiation at 520 and 450 nm, indicating that the carrier might be a neutral species that dissociates at 520 and 450 nm. We hence expect that the carrier of lines in group A to be an isomer of mono-hydrogenated 3-hydroxypyridine redicals. Similarly to protonated species, we firstly consider the more stable trans-conformers and then make a comparison with the cis-conformers.
In Fig. 5(a) we present the inverted spectrum of Fig. 3(d Table II and Table SVI (Table II) 
C. Effect of hydroxyl moiety on IR spectra
The stick IR spectra of protonated pyridine C 5 H 5 NH + and protonated 3-hydroxypyridine Fig. S7(b 
D. Mechanism of formation
After deposition of 3-hydroxypiridine/p-H 2 mixtures without electron bombardment ( Fig. 2), we observed lines of cis-3-hydroxypyridine, which is more stable than trans-3-hydroxypyridine by 2.1 kJ mol −1 . An absence of lines due to the trans-conformer is consistent with the population expected from a Boltzmann distribution at 3.2 K, but about 30 % of 3-hydroxypididine is estimated to exist as the trans-conformer near 300 K; the trans-conformer thus isomerizes to the cis-conformer after deposition.
The tunneling isomerization of the hydroxyl group of small carboxylic acids in lowtemperature matrices has been extensively investigated. 51, 52 In these carboxylic acids, cis-conformers have greater energy; the transmission coefficient of cis-to-trans tunneling isomerization was found to correlate with the effective height of the barrier, which is defined as the barrier height after consideration of vibrational zero-point energies. For example, cis-formic acid has an effective barrier height of 32 kJ mol −1 and has an experimental decay time ~400 s in an Ar matrix. 53 The effective barrier height for the trans-to-cis isomerization of 3-
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hydroxypyridine is calculated to be 11 kJ mol −1 with the B3LYP/aug-cc-pVTZ method, much smaller than that of formic acid. A smaller effective barrier implies that the trans-to-cis isomerization of 3-hydroxypyridine should be more rapid; only cis-3-hydroxypyridine was consequently observed after matrix deposition.
The mechanism for the formation of 3-C 5 H 4 (OH)NH + and 3-C 5 H 4 (OH)NH is similar to that for the formation of C 5 H 5 NH + and C 5 H 5 NH reported previously. 43 The ionization of H 2 on electron impact produces H 2 + ; a subsequent rapid and exothermic proton transfer to a nearby H 2 molecule produces H and H 3 + . 54 Although spectral evidence for the formation of H 3 + has yet to be established, an occurrence of protonated species supports its formation in electron-bombarded 
The presence of a hydroxyl group does not alter the site of protonation.
The enthalpy of reaction for the formation of 3-C 5 H 4 (OH)NH + via protonation on the Natom site is the most exothermic, protonation on the C-atom sites is less exothermic by 167−265 kJ mol −1 , and protonation on the O-atom site is less exothermic by 220 kJ mol −1 , as predicted with the B3LYP/aug-cc-pVTZ method (Table SIII of of H with pyridine was demonstrated by Golec et al. 43 Moreover, branching ratio during matrix deposition might be different although we are unable to estimate it.
Reaction (2) has no barrier and is highly exothermic; the heat of reaction is ~900 kJ mol −1 as inferred from the ionization energy of 3-C 5 H 4 (OH)NH reported to be 9.2-9.6 eV. 21, 56 In contrast, reaction (3) has a barrier for all possible paths. According to our calculations with the B3LYP/aug-cc-pVTZ method, a barrier for the hydrogenation at the N-atom site has height 7.9 23 kJ mol −1 , those at C2, C4, C5, and C6 sites range from 11.7 to 16.1 kJ mol −1 , and that at C3 site is 29.5 kJ mol −1 (Table SV) ; a potential-energy diagram associated with the hydrogenation at the N-and C2-atom sites is shown in Fig. S8 of the supplementary material. These results indicate that the hydrogen addition to 3-C 5 H 4 (OH)N, reaction (3), might occur exclusively at the N-atom site, considering that these reactions proceed through quantum-tunneling at low temperature.
Tunneling hydrogenation on an aromatic ring is known to occur for polycyclic aromatic hydrocarbons; e.g., in the case of the hydrogenation of ovalene molecule (C 32 H 14 ), hydrogen addition occurs through a barrier of 9.6 kJ mol −1 . 42 Once a tunneling reaction occurs to form cis- Upon protonation or hydrogenation of 3-hydroxypyridine, the orientation of the OH group for the conformers with the least energy is altered from the cis to the trans position, according to quantum-chemical calculations. Our experimental observations of only cis-3-hydroxypyridine, trans-3-C 5 H 4 (OH)NH + , and 3-C 5 H 4 (OH)NH at 3.2 K also support that these species are the leastenergy conformers. The distinctly preferred orientation of the OH moiety in 3-hydroxypyridine and its protonated or mono-hydrogenated counterparts can be rationalized with electron density distribution. For 3-hydroxypyridine, the N-atom site has more negative charge due to the lone pair, so the OH-moiety that has a more positive terminal hydrogen prefers to be closer to the Natom site. On the other hand, for 3-C 5 H 4 (OH)NH + and 3-C 5 H 4 (OH)NH, the hydrogen on the Natom site are more positive, so the hydrogen atom on OH prefer to be away from it. At room temperature, the OH moiety is nearly freely rotating so it is unlikely to distinguish these two conformers. In a low temperature matrix, we are able to distinguish these conformers through spectral assignments.
VI. CONCLUSION
Electron bombardment on 3-hydroxypyridine/p-H 2 mixtures during deposition at 3. 
SUPPLEMENTARY MATERIAL
See the supplementary material for comparison of optimized structural parameters of cis-3- 
